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We report on the magnetic and superconducting properties of LaO0.5F0.5BiS2 by means of zero- (ZF)
and transverse-field (TF) muon-spin spectroscopy measurements (µSR). Contrary to previous results
on iron-based superconductors, measurements in zero field demonstrate the absence of magnetically
ordered phases. TF-µSR data give access to the superfluid density, which shows a marked 2D character
with a dominant s-wave temperature behavior. The field dependence of the magnetic penetration
depth confirms this finding and further suggests the presence of an anisotropic superconducting gap.
PACS numbers: 76.75.+i,74.25.Ha, 74.20.Rp, 74.25.Op
Following the discovery of bulk superconductivity in
Bi4O4S3,
1–3 LaO0.5F0.5BiS2,
4 and NdO1−xFxBiS2
5, with
superconducting critical temperatures ranging from 4 up
to 10 K, BiS2 layered compounds are increasingly at-
tracting the interest of the scientific community. Their
structure consists of a charge reservoir layer (LnO, where
Ln is a lanthanoid) alternated with BiS2 planes that
play the same role as CuO2 planes in cuprates or the
FeAs and Fe(Se,Te) planes in iron-based superconduc-
tors (IBS). Differently from both cuprates and IBS, where
the conduction bands at the Fermi energy are domi-
nated by 3d states, in BiS2 systems the main contri-
bution comes from the bismuth 6p orbitals, which are
spatially extended and hybridized with the 3p orbitals
of sulfur.6–8 This hybridization increases the delocaliza-
tion of the charge carriers, but it is rather anisotropic.
Hence, Bi- and S-derived conduction bands show al-
most no dispersion along the kz direction,
6,7 hinting at a
marked 2D character also for the superconducting prop-
erties. Superconductivity in BiS2 layered compounds oc-
curs by electron doping the Bi 6p bands. In particu-
lar, both tight-binding models6 and density functional
calculations7 indicate that in LaO0.5F0.5BiS2 four bands
cross the Fermi level giving rise to a two-dimensional
Fermi surface strongly nested at (pi, pi, 0) wave vector.
However, there is a general lack of consensus regard-
ing the consequences of nesting. On one hand, nesting
is supposed to enhance the electron-phonon coupling,
thus favoring conventional BCS superconductivity.6–9 In-
deed, a very recent penetration-depth measurements by
a tunnel-diode technique on Bi4O4S3 polycrystals in-
dicates a conventional s-wave type superconductivity
in the strong electron-phonon coupling limit.3 On the
other hand, as for IBS, a strongly nested Fermi surface
could also imply that electronic correlations, rather than
electron-phonon coupling, play a major role in deter-
mining the pairing mechanism.10,11 In such a case, spin-
fluctuation mediated pairing interactions could result ei-
ther in an extended s-wave or in a d-wave symmetry for
the gap function.6,10 Finally, because of the remarkable
similarity with the Sr2RuO4 band structure, a spin-triplet
p-wave pairing has also been considered.6,10
Here we report on a study of the magnetic and su-
perconducting properties of LaO0.5F0.5BiS2, mostly via
muon-spin spectroscopy. ZF-µSR shows that, contrary
to iron-based superconductors,12 there are no ordered
magnetic phases in this material. On the other hand,
TF-µSR in the SC phase can track the evolution of the
superfluid density with temperature, as well as that of
the muon-spin depolarization rate with the applied field.
Both these dependencies hint at a fully-gapped conven-
tional BCS picture of superconductivity in LaO0.5F0.5Bi-
S2.
Eight polycrystalline samples were prepared as
pellets13 by using standard solid-state reaction tech-
niques. Subsequent annealing took place at 600◦C under
a pressure of 2 GPa, realized by means of a cubic-anvil
high-pressure experimental setup (see Ref. 4). All sam-
ples were firstly characterized by x-ray scattering and dc
magnetometry, whose results (not shown here) confirm
both the absence of impurity phases and the bulk nature
of superconductivity. The critical temperature, Tc = 10
K, is in agreement with data previously reported for sam-
ples having the same origin.4,14,15 µSR measurements
were performed by using both the General-Purpose Spec-
trometer (GPS) and the Low-Temperature Facility (LTF)
on the piM3 beamline of the Swiss Muon Source at the
Paul Scherrer Institute, Villigen, Switzerland. Given the
different beam cross sections, a single sample was suffi-
cient at GPS, whereas a mosaic of the remaining seven
samples was required for the very low-temperature mea-
surements (T < 1.7 K) at LTF.
2By means of ZF-µSR we checked first for the presence
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FIG. 1. (Color online) ZF-µSR asymmetry data collected above
and below Tc, shown using a binning factor of 45. Continuous
lines are best fits. See text for details.
of a possible hidden magnetic order in the BiS2 planes.
Magnetism coexisting with superconductivity is observed
in underdoped pnictides,12,16,17 but magnetic fields may
also appear in superconductors with spin-triplet pair-
ing, as observed in Sr2RuO4.
18,19 In Fig. 1 the ZF time-
dependent asymmetry below and above the supercon-
ducting transition is shown: both data sets were well
fitted by a pure Gaussian Kubo-Toyabe model, indicat-
ing the presence of small, broad static magnetic fields
on the muon site due only to randomly-oriented nuclear
magnetic dipole moments.20 The Gaussian broadening
∆KT was found to be equal to 0.1145(1) and 0.1163(2)
µs−1 at 1.6 and 12 K, respectively. Thus, contrary to
underdoped iron-based superconductors, no static mag-
netism of electronic origin could be detected in the Bi-
based superconductor. At the same time, the small and
T -independent broadening makes the presence of time-
reversal symmetry broken superconductivity highly un-
likely.
TF-µSR measurements were performed by field cooling
the samples in the mixed state. Taking into account
the critical field values Bc1(2K) = 1.3 ± 0.2 mT
21 and
Bc2(0) ≃ 10 T,
4 the magnetic field was set to 0.07 and
0.3 T on GPS (in the 1.7–12 K range) and to 0.07 T on the
LTF spectrometer (in the 0.02–1.7 K range). In Fig. 2(a)
we show the TF muon-spin precession recorded at 1.7
and 12 K in a 0.3-T magnetic field. The time-dependent
asymmetry was fitted by using the equation:
A(t) = A0 exp
(
−
σ2n + σ
2
sc
2
t2
)
cos(γµBµt+ φ), (1)
where A0 is the initial asymmetry, γµ = 2pi × 135.53
MHz/T is the muon gyromagnetic ratio, Bµ is the local
field probed by the implanted muons, and φ is the initial
phase. Here σn represents the muon-spin relaxation rate
induced by the nuclear dipolar moments, whereas σsc
is proportional to the second moment of the magnetic
field distribution due to the superconducting vortex lat-
tice. Above Tc, where σsc = 0, we find that σn = 0.119(2)
µs−1, a value which was kept fixed in all the subsequent
fit iterations.22 The chosen fitting function [Eq. (1)] de-
rives from the assumption that the local field distribu-
tion P (B) due to the vortex lattice is a single Gaussian
line (typically observed in powders of anisotropic type-II
superconductors), contrary to the asymmetric field distri-
bution theoretically expected and observed in good sin-
gle crystals.23 The choice of a single Gaussian is justi-
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FIG. 2. (Color online) TF-µSR asymmetry data collected above
(a) and below (b) Tc at an applied field of 0.3 T. For the sake
of clarity the time-dependent asymmetry is represented in a 40-
MHz rotating frame. (c) FFT real amplitude of the data shown
in (a) and (b). Data processed using a Gaussian 7-µs time filter.
fied by the small additional relaxation value in the SC
phase (indicative of a large penetration depth λ), com-
parable to that arising from the nuclear moments.24 As
a result, the real part of the FFT signal [∝ P (B)], be-
low and above Tc [Fig. 2(c)], is always nearly symmet-
ric. A large λ implies also the occurrence of a tiny dia-
magnetic shift which can be appreciated only in Fig. 3,
where the temperature dependence of the local field-
shift δBµ = Bµ(T )−Bµ(9.2K) together with the rescaled
susceptibility (solid curve) are shown. The behavior of
the square of the superconducting depolarization rate
σ2sc, proportional to the second moment of the internal
field distribution, is shown in Fig. 4 as a function of the
applied field. Interestingly, σ2sc seems to increase linearly
at low applied fields, but saturates above 0.2 T. This be-
havior is expected for hexagonal vortex lattices with a
large Ginzburg-Landau parameter (κ ≥ 70) at low fields
h = H/Hc2 ≪ 1.
20,25 In this case the magnetic penetra-
tion depth λ is related to σsc by the equation:
25
σsc = γµ (0.00371)
1/2 φ0
λ2eff
(2)
where φ0 is the quantum of magnetic flux and λeff
is the effective magnetic penetration depth. By using
Eq. (2), the estimated value for the latter at 0.3 T re-
sults λeff(1.7K) = 637 ± 4 nm. Since LaO0.5F0.5BiS2 is
expected to be a highly anisotropic system, we can de-
rive the in-plane (BiS2) magnetic penetration depth by
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FIG. 3. (Color online) Field-cooled (FC) dc magnetization
(solid curve, right scale) and temperature dependence of the
internal field shift δBµ (solid circles, left scale), as from TF-µSR
data.
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FIG. 4. (Color online) Field dependence of the square of super-
conducting depolarization rate. The red line represents a linear
fit in the low-field region. The grey area delimits the region of
validity of Eq. (2). Inset: field dependence of λ(h)/λ(0) as
extracted from the data in the grey region by means of Eq. (2).
considering that in anisotropic polycrystalline samples
λeff = 3
1/4λab,
26 which implies λab(1.7K) = 484± 3 nm.
By taking the zero-temperature limit of the coherence
length extracted from the upper critical field measured in
samples from the same origin, ξ(0) = [φ0/2piBc2(0)]
1/2 ≈
5.7 nm,4 the resulting Ginzburg-Landau parameter is
κ = λab/ξ ≈ 85. This value validates a posteriori the
choice of the above-mentioned theory [Eq. (2)]25 for
extracting the magnetic penetration depth. In the in-
set of Fig. 4 the normalized effective penetration depth
λ(h)/λ(0) measured at 1.7 K is plotted as a function
of the reduced magnetic field h = B/Bc2, limited to
the experimental points corresponding to the grey re-
gion. It has been shown that in type-II superconduc-
tors λ is sensitive to the presence of quasiparticle ex-
citations due to gap nodes, double gaps or anisotropic
gaps. In particular, the slope η = |d[λ(h)/λ(0)]/dh| is
mostly greater than 1 for a d-wave gap, it is around unity
for double and anisotropic gaps, but it is almost zero for
isotropic s-wave superconductors.27 In our case, η ≃ 0.5
suggests the presence of an anisotropic s-wave gap or
of a double s-wave gap. Figure 5 shows the tempera-
ture dependence of the normalized supercarrier density
ns(T ) = λab(T,H)
−2/λab(1.7K, H)
−2 = σsc(T )/σsc(0)
calculated at 0.07 and 0.3 T: both data sets merge to-
gether thus confirming the fully gapped character of this
superconductor. It is relevant to note that: (i) ns(T ) is
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FIG. 5. (Color online) Temperature dependence of the normal-
ized superfluid density measured at µ0H = 0.3 T (full circles)
and at 0.07 T (open triangles). Low-temperature (T < 1.7
K) LTF data at 0.07 T are shown by solid triangles. The full
and the dotted black lines represent best fits to an s-wave gap
in the clean limit and a numerical calculation with an s-wave
anisotropic gap using the parameters reported in table I.
temperature independent below 2.3 K, thus ruling out gap
nodes. (ii) The presence of a double gap is highly im-
probable too. At high fields the smaller gap would be
suppressed before the larger one, giving rise to an (ob-
viously missing) peak in Fig. 4, between the linear slope
and the plateau. In addition, the low-T contribution of
the smaller gap to the superfluid density [Fig. (5)] would
have shown up as a kink, suppressed at higher applied
fields,28 whereas both data sets follow closely a single-
gap behavior. Consequently, we limit our discussion to
the single s-wave gap picture. In this case the superfluid
density in the clean local limit has the form29,30
ns(T ) = 1 +
1
pi
∫ 2pi
0
∫
∞
∆(T,φ)
(
∂f
∂E
)
E dE dφ√
E2 −∆(T, φ)2
(3)
where f(E) is the Fermi function, φ is an angle
spanning the supposed cylindrical Fermi surface
and ∆(T, φ) = ∆0δ(T )g(φ) is the gap function.
In particular, ∆0 is the maximum gap amplitude,
δ(T ) = tanh{1.82[1.018(Tc/T − 1)
0.51]} is a widely ac-
cepted approximation for the temperature dependence
of the gap;30 g(φ) = 1 for an isotropic s-wave gap, or
g(φ) = [1 + a cos(4φ)]/(1 + a) for an anisotropic gap,28
4with ∆min/∆max = (1− a)/(1+ a) the ratio between the
minimum and maximum gap amplitudes. In Fig. 5 we
report a fit to a single-gap model in the clean limit and a
calculation for an anisotropic s-wave gap. For the sake
of clarity, we do not show the fit to the single-gap model
in the full dirty limit,29 the latter being indistinguishable
from the clean limit. All the relevant fit and calculation
parameters are summarized in Table I. We remark that:
(i) the full dirty limit is very unlikely because it gives
a too small 2∆/kBTc ratio. Assuming the predicted
7
values for the electron-phonon coupling λ = 0.85 and
the logarithmic averaged phonon frequency ωln = 22.4
meV, the expected ratio is 2∆/kBTc = 3.7.
31 (ii) The fit
to the s-wave model in the clean limit is closer to the
predicted value since it gives 2∆/kBTc = 3.4, that is
compatible with a BCS model in the weak-coupling limit,
contrary to the above mentioned theoretical predictions
of a moderately strong coupling.7 For this reason and
considering that the parameter η is not strictly zero,
we cannot rule out also the possibility of an anisotropic
s-wave gap. Indeed in Fig. 5 we show that the superfluid
density calculated within an anisotropic s-wave gap
model with an angular-averaged value 2∆/kBTc = 3.74
is in very good agreement with the experimental data.
We should recall that in extreme type-II superconductors
with highly diluted superfluid density the presence of
some anisotropy in the gap function is quite common.32
Finally, it is worth noticing that our λab(0) value is
TABLE I. Superconducting parameters as derived from the fits
reported in Fig. 5.
Gap model ∆0 (meV) a 2∆0/kBTc Tc (K)
s clean 1.47 ±0.03 - 3.4±0.2 10.4±0.1
s dirty 1.13 ±0.02 - 2.6±0.1 10.5±0.1
anisotropic s 2.295 0.425 3.74a 10
a Value obtained by averaging the asymmetric gap over [0, 2pi].
comparable with those found in alkali-metal organic-
solvent intercalated iron-selenide superconductors.33 By
considering an interlayer distance equal to the c-axis
parameter4 we can estimate a 2D superfluid density
d/λ2ab(0) ∼ 0.0056 µm
−1. This value places LaO0.5F0.5-
BiS2 close to the iron-chalcogenide superconductors in
the Uemura’s plot of 2D superfluid density, as reported
in Ref. 33. This proximity is an important indication
in favor of the 2D character of this compound and
of its strong similarities with the cuprates and iron-
chalcogenide superconductors.
In conclusion, we have presented µSR results on
the newly discovered LaO0.5F0.5BiS2 superconductor.
The temperature behavior of its superfluid density shows
a marked s-wave character, with 2∆/kBTc very near
to the value expected for a phonon-mediated pairing,
with possibly an anisotropic gap. The high value of
the Ginzburg-Landau parameter, κ(0) ≃ 85, places
this compound in the extreme type-II superconductor
family. Finally, the in-plane magnetic penetration depth
λab(1.7K) = 484±3 nm indicates a very dilute superfluid
density, typical of systems with an almost 2D character.
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SUPPLEMENTAL MATERIAL
We present here important additional magnetic char-
acterization data regarding the same sample measured
via µSR at GPS facility.
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FIG. 6. (Color online) Field dependence of magnetization taken
at 2 K. The arrow indicates the field whereM(H) departs from
linearity. The inset shows the same data over an extended field
interval.
I. FIRST CRITICAL FIELD AT 2 K
The first critical field Bc1 was evaluated via dc mag-
netization. In Fig. 6 we show the magnetization vs. the
applied field taken at 2 K. Bc1 coincides with the field
where the magnetization starts to deviate from a linear
behavior. We estimate a Bc1 value of 1.3± 0.2 mT.
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FIG. 7. (Color online) ZFC dc-susceptibility versus temperature
taken in an applied magnetic field of 3 T. The inset shows the
T -dependent ZFC dc-susceptibility taken at 1 mT.
II. TEMPERATURE DEPENDENT SUSCEPTIBILITY
In Fig. 7 the T -dependent ZFC dc-susceptibility χ(T ),
measured in a 3 T applied field, is shown. Note that χ(T )
is rather small and negative (i.e., diamagnetic) over the
whole temperature range. The little hump near the su-
perconducting transition could be the signature of minor
paramagnetic impurities. In the inset of Fig. 7 we show
the low-temperature, low-field ZFC dc susceptibility. The
saturation to −1 of χ(T → 0) proves the bulk charac-
ter of superconductivity, as it has been found in samples
having the same origin (see data presented in Fig. 3(e)
of Ref. 4).
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